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Abstract The continued development of electro-hydrostatic actuators (EHAs) in aerospace applications has put forward 
an increasing demand upon EHA pumps for their high power density. Besides raising the delivery pressure, increasing the 
rotational speed is another effective way to achieve high power density of the pump, especially when the delivery 
pressure is limited by the strength of materials. However, high-speed operating conditions can lead to several challenges 
to the pump design. This paper reviews the current challenges including the cavitation, flow and pressure ripples, tilting 
motion of rotating group and heat problem, associated with a high-speed rotation. In addition, potential solutions to the 
challenges are summarized, and their advantages and limitations are analyzed in detail. Finally, future research trends in 
EHA pumps are suggested. It is hoped that this review can provide a full understanding of the speed limitations for EHA 
pumps and offer possible solutions to overcome them. 
Key words: Electro-hydrostatic actuator (EHA); EHA pump; High-speed pump; Cavitation; Flow and pressure ripples; 
Tilting motion; Heat problem 
1. Introduction
Flight controls in an aircraft can be typically divided into two types: primary flight control and secondary flight control
[1,2]. The primary flight control is responsible for controlling the roll, yaw and pitch attitudes and the trajectory of the 
aircraft, while the second flight control is used to control the lift of the wing. The flight control surfaces usually include 
ailerons, rudders, elevators, horizontal stabilizer, spoilers, leading edge slats and trailing edge flaps. Most of them in 
in-service military and commercial aircrafts are actuated by centralized hydraulic systems where the electric or 
engine-driven pumps provide pressurized hydraulic fluids for the hydraulic actuators [3] .   
The electro-hydrostatic actuator (EHA) is an emerging aerospace technology that aims to replace the centralized 
hydraulic systems by self-contained and localized direct-drive actuator systems [2]. The EHA first replaced the F-18 
standard left aileron actuator in 1997 and was evaluated throughout the Systems Research Aircraft flight envelope [4]. 
The ground and flight test results showed that the EHA could perform as well as the replaced actuator, and the stiffness, 
accuracy and bandwidth were sufficient for the application of EHAs on primary flight control surfaces. Recently, the 
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surfaces including horizontal tails, flaperons, rudders and leading edge flaps [5,6]. On the civil aircraft side, the EHAs 
have entered into service in the famous Airbus aircraft A380 since 2004, and they are normally used as backup actuators 
for some flight control surfaces, such as elevators, ailerons, rudders and spoilers [1]. Since then, the EHAs have been 
successfully applied to other civil aircrafts, such as A400M and A350 [7].  
The aircraft benefits greatly from the replacement of centralized hydraulic systems with EHA systems [2,8,9]. Firstly, 
the EHA system has higher energy efficiency because it consumes power only when the control surfaces need to be 
actuated. Secondly, the EHA system adopts power-by-wire (PBW) technology and requires only electrical energy input, 
which offers weight savings due to the removal of conventional hydraulic systems. Thirdly, EHAs are much easier to 
remove and install than conventional hydraulic actuators, thus improving the maintainability. Finally, the EHA system 
has a higher degree of survivability/robustness because individual EHAs are parallel with each other. 
A typical EHA system mainly consists of a bi-directional electric motor, a bi-directional pump, a symmetrical 
hydraulic actuator and a bypass valve [8,10], as shown in Fig. 1a. The electric motor drives the pump which provides 
pressurized fluid for the hydraulic actuator. The pump used in the EHA system is often called EHA pump, and it is 
usually an axial piston pump [11]. The configuration of a typical axial piston pump is shown in Fig. 1b. The whole 
rotating group is supported by two bearings at shaft ends and is submerged by the fluid medium in the pump casing. The 
cylinder block is coupled with the shaft through a spline mechanism. A compressed spring is installed in the cavity to 
push the cylinder block against the valve plate. In general, an odd number of piston-slipper assemblies are nested within 
the cylinder block at equal angular intervals about the centerline of the cylinder block. The piston is connected to the 
slipper at the head via a ball-and-socket joint. The slipper slides on the swash plate and a reasonable gap height between 
them is kept by a retainer (not shown in Fig. 1b). The inclined swash plate forces the multiple piston-slipper assemblies 
to reciprocate within the cylinder block, thereby generating a displacement chamber. The low-pressure fluid enters the 
displacement chamber from one valve plate opening as the piston experiences a suction stroke, while the high-pressure 
fluid is discharged from the displacement chamber to the other valve plate opening as the piston experiences a delivery 
stroke. The above motions repeat themselves for each shaft revolution and thus realizing a conversion from mechanical 
energy to hydraulic energy.  
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In aerospace applications, a high power density (power to weight ratio) is a crucial requirement for EHA pumps. It is 
an effective way to improve the power density of EHA pumps by increasing the rotational speed. Figure 2 shows a 
relationship between a maximum rotational speed and a volumetric displacement [12]. It can be seen from Fig. 2 that a 
higher maximum rotational speed goes along with the possibility to scale down the pump size and weight, which can 
increase the power density. This scale-down effect is significant for relatively low rotational speeds but becomes less 
positive when the rotational speed is higher than 10,000 r/min. Generally, the rotational speed of EHA pumps in 
aerospace applications is required to be more than 10,000 r/min [13] at which the pump displacement is estimated to be 
less than 5 mL/r from the fitting curves in Fig. 2. A further reduction of the pump displacement would lead to a striking 
increase of the rotational speed. However, in practice the rotational speed of EHA pumps is limited by various 
mechanical restrictions, which is adverse to the power density of EHA pumps.  
 
Fig. 2 Relationship between a maximum rotational speed and a volumetric displacement for three different aerospace 
pumps [12]  
This paper aims to review the relevant publications in the field of axial piston pump in order to highlight the 
challenges associated with high-speed rotation. In addition, possible solutions to the challenges are also suggested and 
discussed. The rest of this paper is organized as follows: section 2 elaborates about the cavitation problem; section 3 
includes the flow and pressure ripples; section 4 deals with the tilting motion of rotating group; section 5 describes the 
heat problem; finally, conclusions are presented in section 6. 
2. Cavitation 
Cavitation describes the dynamic process of cavity generation in a liquid [14], which includes two forms in terms of 
the formation mechanism of bubbles: gaseous cavitation and vaporous cavitation. The gaseous cavitation occurs when 
the oil pressure is lower than the saturation pressure of the gas. At this point, the dissolved gas releases from the solution 
and forms bubbles. When the localized fluid pressure becomes lower than the vapor pressure, the vaporous cavitation 
happens. At this time, the fluid vaporizes and forms vapor bubbles. In most hydrostatic machines, the gaseous cavitation 
takes places more commonly than the vaporous cavitation because the vapor pressure of the oil is much lower than the 
saturation pressure of the gas [15,16].  
There are four main factors leading to the cavitation as the result of a sufficient pressure drop. The first factor is about 
the excessive pressure losses due to the flow resistance [17,18]. As the piston is pulled out of the cylinder block during 
the suction phase, the increased void volume in the cylinder chamber needs to be filled by sufficient inlet fluid flow. The 
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pressure is consumed when the entering fluid undergoes a contraction of flow passage from the valve plate opening to the 
rotating cylinder port [19–21] and an enlargement of flow passage from the cylinder port to the cylinder chamber [14,22]. 
In addition, much inlet pressure is consumed as the cylinder fluid needs to be accelerated again to the maximum velocity 
of the piston. The above total pressure drop will decrease the air solubility and produce an entrained air mixture if the 
inlet pressure is insufficient. This mixture of air and liquid oil is then supplied into the cylinder block, leading to the 
gaseous cavitation. Moreover, the vaporous cavitation could happen if the pressure losses are sufficient to reduce the 
localized pressure below the vapor pressure of the oil.  
The second reason for cavitation is the pressure undershoot inside the cylinder chambers [23–28]. The reverse flow 
and trapping effect cause the pressure undershoot at the start of the suction stroke. In contrast, only the trapping effect 
causes the pressure undershoot at the end of the suction stroke. The pressure undershoot is almost increased 
proportionally to the rotational speed of the pump [26]. As a result, the transient cylinder pressure could drop below the 
gas or even vapor pressure at high speed, leading to gaseous or vaporous cavitation. 
The third reason for cavitation is the high velocity jet flow formed in the relief groove of the valve plate, as shown in 
Fig. 3a. The high velocity jet flow results from the negative pressure gradient when the discharge pressure is initially 
greater than the cylinder pressure at the start of the discharge stroke [23,29–33]. As a result, the localized pressure could 
drop below the vapor pressure, leading to the cavitation near the relief groove and cylinder ports. Tsukiji et al. [31] 
designed a test pump with an acrylic cylinder block and used a high-speed video camera to visualize the jet flow near the 
relief groove of a valve plate from the perpendicular direction to the axis, as shown in Fig. 3b. The cavitation cloud was 
detected near the relief groove, which confirmed the cavitation occurrence due to the high velocity jet flow.  
 
Fig. 3 Cavitation induced by the jet flow: (a) jet flow formed between the cylinder wall and relief groove of the valve 
plate; (b) detection of the cavitation [31] 
Finally, the centrifugal force can also lead to cavitation in the cylinder chambers. During the phase of suction stroke, 
the centrifugal forces tend to push the “heavy” liquid towards the outside walls of the cylinder chambers but to leave the 
“light” air bubbles near the inside walls [20,34], as shown in Fig. 4. Consequently, the centrifugal effect produces a 
radially inhomogeneous pressure distribution in the cylinder chambers where the gaseous cavitation is most likely to 
occur near the inside walls of the cylinder chambers. In contrast, the gaseous cavitation is disappeared during the phase 
of discharge stroke because the cylinder pressure becomes high and the localized pressure drop due to the centrifugal 
effect is insufficient to cause gaseous cavitation. 
Cavitation is harmful to the performance of EHA pumps. First, the gaseous cavitation reduces the cylinder filling that 
represents the ability of the cylinder block to receive hydraulic fluids from the pump inlet [21]. It can be seen from Fig. 5 
that when the rotational speed exceeds the rated rotational speed limit, the effective delivery flow rate starts to decline 
due to the occurrence of gaseous cavitation, which violates the flow continuity and reduces the volumetric efficiency of 
the pump [34–37].  
In addition, the gaseous cavitation also reduces the fluid bulk modulus due to the released air bubbles [38–40], 
resulting in a delay of pressure build-up in the displacement chambers [15] and thus a slow response of the hydraulic 
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region, they will collapse and bring about serious cavitation damage to the components, especially to the valve plate, 
cylinder block and slipper [15,36,41,42], as shown in Fig. 6. The cavitation erosion not only introduces contaminant 
particles into the working fluid and thus causing further abrasive wear, but also changes the geometries of sliding 
surfaces and thus damaging the sealing and bearing functions of lubricating interfaces. Besides, the collapse of the 
bubbles can increase the flow and pressure ripples, and the vibration and noise [32,43].  
 
Fig. 4 Centrifugal effect on the cylinder pressure in the radial direction [34] 
 
Fig. 5 Experimental results for the relationship between the delivery flow rate and the rotational speed [34] 
 
Fig. 6 Cavitation damage on the components of an axial piston pump: (a) valve plate [36], (b) cylinder block [41], (c) 
slipper  
To prevent the cavitation occurrence within axial piston pumps, possible solutions have been investigated. Adding a 
boosting device is an effective way to increase the inlet pressure of the pump and thereby inhibit the cavitation 
[17,18,21,24,25,34,43,44]. For instance, the axial piston pump of Vickers® integrates an impeller at the end of the shaft to 
boost the suction pressure [44]. However, boosting the suction pressure can increase the air-borne noise [45], and the 
additional boosting device can cause parasitic losses and reduce the power density of the pump. 
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device is needed [46]. For instance, the novel design of meander-shaped suction ducts was reported to reduce pressure 
losses by more than 50 % for the flow from the pump inlet to the suction kidney [47]. Similarly, the revolution-oriented 
suction ducts were also considered to be able to reduce pressure losses by enabling the flow direction to match the 
circumferential velocity of the cylinder block as much as possible [48]. On the other hand, decreasing the circumferential 
velocity of the cylinder block is also a good solution to reduce pressure losses according to the Bernoulli equation [21]. 
As shown in Fig. 7a, the resultant velocity V of the hydraulic fluids entering the cylinder chamber consists of axial and 
circumferential components, Vaxial and Vc. The circumferential velocity component is proportional to the pitch radius R of 
the cylinder ports, which means that the greater the pitch radius of the cylinder ports is, the higher the circumferential 
velocity component becomes. Compared with the standard flat design for the cylinder block bottom face, the spherical 
design allows a lower circumferential velocity of the hydraulic fluids entering the cylinder chamber [21,49] because it 
has a smaller pitch radius of the cylinder ports [50,51], as shown in Fig. 7b. 
 
Fig. 7 Spherical design for the cylinder block bottom surface to reduce pressure losses: (a) velocity of the hydraulic 
fluids entering the cylinder chamber; (b) comparison of the circumferential velocity between the spherical and flat 
designs for the cylinder block bottom surface 
Another effective method for preventing the cavitation is to optimize the valve plate. This method aims to reduce the 
reverse flow by minimizing the differential pressure between the cylinder chamber and the pump port at the start of 
suction and discharge strokes. The reduction of differential pressure can reduce the pressure undershoot at the start of 
suction stroke and the jet flow at the start of discharge stroke. There are two common ways to realize the reduction of 
differential pressure, i.e., optimizing the geometry of relief groove [30] and changing the timing angle of the valve plate 
[28,52,53]. However, the relief groove size and valve plate timing are highly dependent on the operating conditions such 
as delivery and suction pressures, pump displacement, and rotational speed and direction [54], which cannot satisfy the 
wide range of operating conditions for bi-directional EHA pumps. For instance, the optimized size and timing are 
suitable at low rotational speed, but they become too much restrictive at high rotational speed, resulting in large pressure 
undershoot and cavitation [27,55]. 
Other methods are also found to prevent the onset of cavitation and to reduce the cavitation damage. Figure 8 shows a 
valve plate that integrates a pre-expansion volume (PEV) between the suction and discharge ports [56]. When the 
cylinder port arrives at the PEV they are connected to each other, enabling the fluid of the cylinder chamber to release its 
high-pressure energy gradually without the attendant cavitation problems. Machining a damping hole at the relief groove 
of the valve plate is useful to reduce the cavitation erosion. As shown in Fig. 9, the damping hole increases the jet angle 
and thereby makes the cavitation collapse away from the solid surface of the valve plate [33]. However, the generated 
vapor bubbles and jetting flow in the damping hole can cause erosion damage there [57]. In addition, increasing the 
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 Fig. 8 Schematic of the pre-expansion volume (PEV) [56]  
 
Fig. 9 Valve plate with damping hole at the relief groove: (a) effect of the damping hole on the jet flow; (b) photograph of 
the valve plate with damping hole after a 1000 h endurance test [33]  
3. Flow and pressure ripples 
The delivery flow ripple of axial piston pumps comes from two sources: (1) the kinematic flow ripple due to the finite 
number of pistons; (2) the dynamic flow ripple due to the reverse flow from the discharge port to the cylinder chambers 
at the start of the discharge stroke. The studies [27,58,59] have suggested that the major component of the delivery flow 
ripple results from the short-duration reverse flow rather than the finite number of pistons. The delivery flow ripple 
interacts with the hydraulic circuit in a complicated manner and creates corresponding pressure ripple [60]. Similarly, the 
flow and pressure ripples arise during suction stroke [61,62].  
Many theoretical and experimental studies [63–66] have confirmed that the flow and pressure ripples increase with the 
pump speed. As previously stated, the reverse flow increases with the pump speed. On the other side, the relief groove 
may become too restrictive at high speed, leading to large cylinder pressure overshoot and undershoot. These two 
contributors tend to increase the flow and pressure ripples. Therefore, flow and pressure ripples are another challenge for 
high-speed EHA pumps. The generated pressure ripple is propagated through the flowing fluid, causing vibration of 
involved components and air-borne noise [64,67,68]. At the same time, the pressure ripple can lead to fatigue failure of 
system components and has adverse effects on the overall reliability of hydraulic systems. 
To reduce the flow and pressure ripples and the consequent air-borne noise, attempts have been made over the last 
several decades. The valve plate is a key component to determine the level of flow and pressure ripples because a great 
noise reduction can be achieved through small modifications of the valve plate. The optimization of the valve plate is 
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between the cylinder chamber and the suction and discharge ports. In addition, the damping hole [74] of the valve plate 
can also reduce the flow ripple by pre-pressurizing and pre-depressurizing the cylinder fluid before the cylinder port 
communicates with the discharge and suction ports, respectively. However, the above solutions suffer from the 
drawbacks of high sensitivity to the operating conditions. Specifically, these geometrically fixed methods are effective 
only for particular operating points, but no longer have the optimal performance in flow ripple reduction for other 
operating points. In addition, the pre-compression relief groove can decrease the volumetric efficiency of the pump when 
there exists a cross porting between suction and discharge ports [75,76]. Although the adjustable valve plate geometry 
and variable valve plate timing have been reported to reduce the flow ripple at all operating points [77], they are rather 
complex and need to be electronically activated to offer full flexibility [78]. 
The cross angle (also called secondary angle) [79–83] is considered to be a promising design feature for the reduction 
of flow ripple and noise because it allows a varying cylinder pre-compression and decompression with the swash-plate 
angle by advancing or delaying the dead centers. As shown in Fig. 10, the cross angle describes a fixed small angle by 
tilting the swash plate around the axis perpendicular to the pivoting axis of the swash plate. Compared with the method 
of cross angle, the combination of cross angle and relief groove [84] has a greater potential to extend the operating 
conditions of low flow ripples. 
 
Fig. 10 Cross angle in an axial piston pump [84] 
The pre-compression filter volume (PCFV) [59,85–87] can also decrease the flow ripple by reducing the reverse flow 
from the discharge port to the cylinder chamber. It is an additional small volume behind the valve plate, which provides 
pressurized fluid to the cylinder chamber when the cylinder port passes the bottom dead center (BDC). Although the 
PCFV is less sensitive to the operating conditions, the above pre-compression process becomes difficult at high speed 
because of the inertia effect of fluid between the PCFV and cylinder chamber. In addition, compared to other methods 
such as relief groove and ideal timing of the valve plate, the PCFV method cannot guarantee a gradual pre-compression.  
This will cause an increased amplitude of the swash plate moment and thus a higher structure-borne noise level [88]. The 
drawbacks of the PCFV can be overcome by combining the control valve and the pre-compression volume [78].  
The check valve [59,86] (see Fig. 11a) is located ahead of the delayed discharge port and opens to the cylinder port 
once the cylinder pressure achieves the discharge pressure. This ideal pre-compression device can avoid pressure peaks, 
but in practice it has disadvantages of wear of the valve seat, conflict between stability and dynamic performance at high 
speed, and noise of valve itself due to undamped oscillations [78]. As an improved version of the simple check valve, the 
highly dynamic control valve [78] (see Fig. 11b) has an active and fast response to the varying operating conditions 
because it allows for a continuously variable flow area between the cylinder chamber and either the suction or discharge 
ports. To avoid the noise of the simple check valve, another modified check valve called heavily damped check valve 
(HDCV) [89] (see Fig. 11c) is designed to prevent the rapid switching action through an in-built damping system 
consisting of poppet, spring chamber and damping orifice. Other types of the check valves are also designed for active 
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Fig. 11 Schematic of three types of check valves: (a) simple check valve [59]; (b) highly dynamic control valve [78]; (c) 
heavily damped check valve (HDCV) [89]   
In addition, novel pulsation attenuators [90–92] for aviation pumps are also designed based on different principles. 
Figure 12 shows a typical in-built pulsation attenuator which is small enough to be integrated into the aviation pump [93]. 
This pulsation attenuator enables the aviation pump to reduce its pressure ripple below ± 1% and this type of aviation 
pump has been successfully applied to aircraft A380.  
 
Fig. 12 The in-built pulsation attenuator in an aviation pump [93] 
4. Tilting motion of rotating group 
The design of the rotating group in axial piston machines is the key to the design of the pump. A typical rotating group 
is comprised of a valve plate, a cylinder block, multiple pistons and slippers, a swash plate and a retaining mechanism. 
The lubricating interfaces represent the most critical design issue for the rotating group. There are three main lubricating 
interfaces formed inside the rotating group, i.e., slipper/swash plate interface, piston/cylinder block interface and cylinder 
block/valve plate interface. These three lubricating interfaces need to fulfill the sealing and bearing functions and 
represent the main source of power losses [94]. Reasonable gap heights across the lubricating interfaces are essential for 
high efficiency and long service life of EHA pumps. Too large gap heights could increase pump leakage and decrease 
pump efficiency significantly. In contrast, too small gap heights could interrupt the fluid film and cause metal-to-metal 
contact between sliding surfaces, which can lead to seizure and/or adhesive wear and even catastrophic pump failures.  
The lubrication characteristics of the interfaces are affected by the micro motions of movable parts of the rotating 
group. These micro motions include tilting motion, squeezing motion, and spinning motion [95], which enable the slipper, 
cylinder block and piston to behave as a load adaptive bearing and respond to varying external loads [96]. However, large 
tilting motion due to the inertial effects may become a serious problem for the rotating group at high speed [97]. It will 
cause a seriously asymmetrical pressure distribution and consequently reduces the load-carrying capacity of the 
lubricating interfaces. In addition, excessive tilting motion will produce undesirable wedge-shaped fluid film across the 
lubricating interfaces, leading to an increased leakage rate and potential metal-to-metal contact between movable parts of 
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  For the slipper it tends to tilt away from the stationary swash plate when it rotates together with the cylinder block at 
high speed. The resulting tilting motion of the slipper originates from a number of tilting moments acting on it [98,99]. 
The first tilting moment is the centrifugal moment considering the mass center of the slipper does not generally coincide 
with the center of the piston-slipper ball joint. The second tilting moment arises from the viscous friction between the 
slipper and swash plate. The third tilting moment comes from the friction force of the piston-slipper ball joint. Among 
these three tilting moments, the first two moments principally result from the pump rotation and their magnitudes 
increase with the pump speed.  
  Theoretical and experimental results [98,100,101] show that the slipper is heavily tilted towards its inner edge at high 
speed due to the centrifugal moment acting on it. The centrifugal effect causes a more serious tilting motion of the slipper 
at high speed during suction stroke than during discharge stroke. This can be explained by the fact that the gap height of 
the slipper bearing becomes larger due to the reduced clamping force when the slipper passes from the discharge side to 
the suction side [102,103]. Therefore, the slipper becomes more sensitive to the centrifugal moment and is easier to tilt 
away from the swash plate during suction phase [104,105].  
Different approaches have been used in practical applications to avoid serious slipper tilt at high speed, such as 
reducing the distance between the mass center of the slipper and the ball-joint center, providing sufficient inlet pressure 
and retaining force, and using lightweight pistons [21,104,106]. The centrifugal tilting moment acting on the slipper 
increases with the increasing distance between the mass center of the slipper and the ball-joint center. In contrast to the 
standard “female” slipper, the “male” slipper puts the ball on itself instead of on the piston, as shown in Fig. 13. This 
alternative design has the benefit of bringing the slipper’s mass center nearer to the ball-joint center, thus reducing the 
centrifugal tilting moment acting on the slipper [107]. 
 
Fig. 13 Comparison between standard and “male” slippers: (a) standard “female” slipper; (b) “male” slipper 
 
Fig. 14 Comparison between positive-force and fixed-clearance retaining mechanisms: (a) positive-force retaining 
mechanism; (b) fixed-clearance retaining mechanism 
The slippers become very sensitive to the tilting moments when they separate from the swash plate at high speed due 
to the reciprocating inertia of the piston-slipper assemblies. Boosting the inlet pressure and increasing the spring load of 
the retaining mechanism can help the slippers to keep a reasonable contact with the swash plate at high speed. In addition, 
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resistance of the slippers to the reciprocating inertia of the piston-slipper assemblies. Figure 14 shows two different types 
of retaining mechanisms for the slippers: positive-force retaining mechanism and fixed-clearance retaining mechanism 
[104,108,109]. The positive-force retaining mechanism exerts a continual preloaded spring force on the slippers by the 
spring, spherical cup and retainer. The fixed-clearance retaining mechanism allows for a limited clearance between the 
slippers and swash plate and only applies a hold-down force on the slippers when they try to pull away from the swash 
plate. In aerospace applications, the fixed-clearance retaining mechanism is more frequently used than the positive-force 
retaining mechanism because the former retaining mechanism is more reliable to prevent the slippers from tilting away 
from the swash plate, especially under high-speed conditions. However, the sophisticated fixed-clearance retaining 
mechanism requires a precise mounting and small tolerance [110].  
The resistance of the slippers to the inertial effects can also benefit from using lightweight pistons. Figure 15 shows 
three typical designs to reduce the piston mass [111]. The hollow piston (see Fig. 15a) has a cylindrical cavity which will 
be filled with hydraulic fluids during machine operation. This design is the cheapest and simplest to manufacture, but it 
creates a large void dead volume within the piston chamber that needs to be compressed and decompressed as the piston 
makes a transition from the suction port to discharge port and vice versa. This additional fluid compression not only 
reduces the efficiency of the pump, but also increases the reverse flow [58]. To reduce the void dead volume of pistons, 
the capped or filled pistons are suggested to be used. The capped piston (see Fig. 15b) maintains air within the inner core 
of the piston and has a small damping hole to communicate hydraulic fluids between the cylinder chamber and slipper 
pocket. As an alternative to the capped piston, the filled piston (see Fig. 15c) uses a lightweight material to fill the inner 
core of the piston. Although filled or capped pistons show a good compromise between piston weight and void dead 
volume within the piston chamber, the issues of manufacturing cost, strength, and reliability for these two pistons must 
be considered in practical applications. 
Besides, other methods for improving the anti-tilting ability and wear resistance of the slipper include geometry 
optimization of the slipper [112], coating on the slipper surface [113–116] , and new materials for the slipper pair.  
 
 Fig. 15 Comparison between three types of pistons [111]: (a) hollow piston; (b) capped piston; (c) filled piston  
Similarly, the cylinder block tends to tilt away from the stationary valve plate at high speed due to the centrifugal 
effect of the piston-slipper assemblies. As shown in Fig. 16, the centrifugal forces exerted on the multiple piston-slipper 
assemblies are transmitted to the cylinder block, leading to a tilting moment acting on the cylinder block [21,110,117]. To 
some extent, the connection of the cylinder block and the shaft via a spline mechanism allows the cylinder block to move 
in the z-direction and rotate around the x- and y-axis on a micro scale in addition to the macro rotation about the z-axis 
[118–120]. Under high-speed conditions the considerable centrifugal moment of the piston-slipper assemblies causes the 
cylinder block to be heavily tilted towards the BDC on the valve plate [11]. The serious tilting motion of the cylinder 
block results in wedge-shaped fluid film across the cylinder block/valve plate interface, increasing the leakage as well as 
the possibility of the metallic contact between the cylinder block and valve plate. Furthermore, the metallic contact can 
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Fig. 16 Tilting motion of the cylinder block due to the centrifugal effect 
Measures can be taken to avoid the cylinder block tilt or to reduce its detrimental effects. It is clear that reducing the 
centrifugal tilting moment acting on the cylinder block can help to decrease the cylinder block tilt at high speed. On one 
side, the centrifugal tilting moment can be reduced by using lightweight pistons (see Fig. 15). On the other side, the 
inverted design with a female piston and a male slipper (see Fig. 13b) can also reduce the centrifugal tilting moment 
because this specific design decreases the overhang length of the piston that represents the moment arm [110,122,123]. 
In addition, theoretical and experimental studies [124,125] have shown that the centrifugal tilting moment acting on 
the cylinder block is sensitive to the manufacturing errors of the rotating group. Only small manufacturing errors can 
produce significant additional centrifugal tilting moment acting on the cylinder block at high speed. Therefore, strict 
manufacturing tolerance of the rotating group must be achievable for high-speed EHA pumps to make the centrifugal 
tilting moment as small as possible. 
Once the cylinder block tends to tilt away from the valve plate, the preloaded spring force acting on the cylinder block 
should be sufficient to push the cylinder block against the valve plate, especially at high speed and low discharge 
pressure. The required spring force increases with the square of the pump speed, and the spring force is generally chosen 
for the highest pump speed [117]. However, the EHA pump usually operates over a wide range of rotational speeds (for 
example, ranging from 1,000 r/min to 10,000 r/min), and the final spring force that is chosen based on the highest 
rotating speed will become too large when the pump operates at low rotational speed. 
For an axial piston pump with its shaft going through the entire length of the machine (see Fig. 1b), the cylinder block 
spline needs to extend far enough to support the rotating group at high speed [126]. Otherwise, the tilting moments acting 
on the cylinder block cannot be completely counteracted by the reaction of the cylinder block spline, which can cause the 
cylinder block to be heavily tilted relative to the valve plate. On the other hand, a long cylinder block spline is 
accompanied by an increased risk of jamming between the cylinder block and shaft. This problem could be avoided by 
using a spherical or barrel-shaped splined shaft to match the extended cylinder block spline [99].  
Decreasing the deflection of the shaft can reduce the tilting angle between the cylinder block and valve plate, which is 
beneficial to reduce the possibility of metallic contact between the cylinder block and valve plate. There are two 
approaches to reduce the deflection of the shaft. The first is to increase the rigidity of the shaft and pump casing  
[127,128]. The second is to install a bearing at the outer circumference of the cylinder block [99]. In this case, the 
bending moments acting on the cylinder block are counteracted by the bearing rather than the shaft. This design is 
advantageous for small-displacement EHA pumps because enough installation space and acceptable linear velocity can 
be achieved for the bearing.  
Finally, using a spherical valve plate instead of a flat one can improve the robustness of the cylinder block to the tilting 
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first take place on the outer circumferences of both parts if the cylinder block tends to tilt away from the valve plate. In 
contrast, in the case of spherical valve plate and cylinder block, the cylinder block can slide against the valve plate 
accordingly. This micro degree-of-freedom enables the cylinder block to dynamically adjust its attitude relative to the 
valve plate, avoiding metallic contact between the cylinder block and valve plate. 
5. Heat problem 
The combination of small displacement and high rotational speed will increase the heat dissipation and decrease the 
cooling capacity of EHA pumps [131,132]. Moreover, for the self-contained and localized EHA system, the heat 
generated by the electric motor and EHA pump cannot be carried away by hydraulic fluids due to the elimination of 
centralized hydraulic systems. Instead, the heated EHA can only be cooled in the form of conduction [133–136]. As a 
result, a large amount of heat is left inside the EHA pump, raising concerns about the heat problem for the pump design. 
As for the pump itself, the heat generation comes from leakage loss and mechanical loss [137]. As previously states, 
the lubricating interfaces are the primary source of power losses in axial piston machines. The movable parts of the 
rotating group tend to tilt at high speed and thus the wedge-shaped fluid films are formed across the lubricating interfaces, 
leading to an increased leakage flow and potential metal-to-metal contact. Also, the combining effect of high-speed and 
high-pressure conditions creates a great PV value for the lubricating interfaces, which is also identified as a main 
contributor to the mechanical loss [138]. In addition, the churning loss that results from the drag of the rotating group in 
the fluid-filled pump casing is another critical mechanical dissipation at high speed. [139,140]. Experimental and 
numerical studies [141–144] show that the churning loss cannot be neglected at the prevailing operating conditions, 
especially at high speed and low pressure.  
The large amount of heat has adverse effects on the lubricating interfaces and eventually influences the lifetime of the 
pump. Firstly, the generated heat reduces the viscosity of hydraulic fluids, leading to an increased leakage from the 
lubricating interfaces. Also, viscosity reduction of hydraulic fluids tends to deteriorate the load-carrying capacity of the 
lubricating interfaces, which may cause severe wear and seizure of the sliding surfaces [145,146]. Secondly, the 
cavitation is more likely to occur at lower viscosity because the localized low pressure caused by vortices is more 
difficult to suppress [147]. Thirdly, the generated heat is transferred to the rotating parts and their stationary counterparts, 
and in turn affects the fluid film in the following two ways [139]. The temperature distribution of the solid parts 
determines the major boundary conditions of the non-isothermal fluid flow, and the thermal deformation of the solid parts 
changes the fluid film thickness in the lubricating interfaces.     
To accurately predict the energy losses and heat generation of the pump, fluid-structure-thermal interaction models 
have been developed for the slipper/swash plate interface [109,123,148], piston/cylinder block interface [149,150], and 
cylinder block/valve plate interface [50,51,151,152]. Based on these models, some novel designs are proposed to reduce 
the energy losses and heat generation of these lubricating interfaces. For example, micro surface shapes are used on the 
movable parts and their stationary counterparts, such as waved, contoured or barreled pistons [153–159], concave 
cylinder bore [160], waved valve plate [161–163], and surface texturing for tribological interfaces [164–168]. These 
micro surface shapes can produce an additional micro-hydrodynamic pressure in the lubricating interfaces, thus 
improving the load-carrying capacity of the fluid film. This helps to avoid metal-to-metal contact between components 
under extreme conditions and to reduce attendant heat generation.  
In recent years, the surface coating technology has been tried on the slippers [113–116] and pistons [169–174] of axial 
piston pumps to improve their wear resistance and to reduce their friction coefficient, thus reducing the heat dissipation 
caused by metallic contact. Furthermore, removal of certain lubricating interfaces can offer a potential solution to the 
reduction of heat dissipation. For instance, the slipper/swash plate interface is absent in both bent-axis type piston pumps 
and floating cup pumps compared to swash-plate type axial piston pumps [118].  
Finally, the reduction of heat generation can benefit from reducing the churning loss of the rotating group. Compared 
with the conventional fluid-filled pump casing, the dry pump casing has great potential for low churning loss [175]. 
However, the dry pump casing significantly reduces the cooling capacity of the pump due to the removal of hydraulic 
fluids, even worsening the overheating problem. It is possible to install a “power boost insert” into the pump casing to 
prevent the hydraulic fluids from moving around in a turbulent manner [176], as shown in Fig. 17. The experimental 
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block is another effective way to decrease the churning loss by providing a low roughness and wettability [177] for the 
cylinder block surface. 
 
Fig. 17 Insert in the pump casing to reduce churning loss [176]: (a) configuration of an insert; (b) effect of the insert on 
the turbulent flow in a pump casing 
6. Conclusions 
This review highlights the challenges of high-speed rotation for EHA pumps and details possible solutions. These 
challenges include the cavitation, flow and pressure ripples, tilting motion of rotating group, and heat problem. Among 
the presented solutions, some of them have been successfully applied to commercial pump products, such as spherical 
valve plate, “male” slipper, fixed-clearance retaining mechanism, capped piston, and pulsation attenuator. Some solutions 
have been used in other similar hydraulic products but have not been applied to axial piston pumps. For example, the 
insert has been used in the high-speed bent-axis type piston motors delivered by Parker. Although some new solutions are 
still in study, they appear promising for EHA pumps. For example, the advanced technologies of micro-surface shaping 
and surface coating could be applied to EHA pump products if the mature and low-cost technological processes are 
available in the future.  
In addition to the challenges and solutions discussed in this review, the following issues are also recommended in the 
future research on EHA pumps: (1) new materials with good resistance to wear and cavitation erosion for low-viscosity 
hydraulic fluid; (2) advanced lubrication technology with low friction coefficient and wear rate; (3) temperature 
prediction and control for small size pumps; (4) nonlinear rotor dynamics of the rotating group submerged in hydraulic 
fluids. 
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Nomenclature 
Fc = centrifugal force of the piston-slipper assembly 
h = relief groove opening of the valve plate 
Mc = tilting moment acting on the cylinder block by the centrifugal force Fc 
n = rotational speed of the pump 
nLim = rotational speed limit 
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p1 = discharge pressure 
p1,nom = rated maximum discharge pressure 
ps = suction pressure 
ps,nom = rated suction pressure 
Q1 = delivery flow rate 
Q1,nom = theoretic delivery flow rate at nnom 
R = pitch radius of the cylinder ports  
R1 = pitch radius of the cylinder ports for the spherical cylinder block 
R2 = pitch radius of the cylinder ports for the flat cylinder block 
V = resultant velocity of the hydraulic fluids entering the cylinder chamber 
V1 = pump displacement 
V1,max = maximum pump displacement 
Vaxial = axial component of the resultant velocity V 
Vc = circumferential component of the resultant velocity V 
Vc1 = circumferential velocity component for the spherical cylinder block 
Vc2 = circumferential velocity component for the flat cylinder block 
VS = sliding velocity of the cylinder block relative to the valve plate 
α0 = dissolved air volume fraction 
αs = Bunsen coefficient 
β = swash-plate angle 
γ = cross angle  
θ = angular displacement of the cylinder block  
φ = timing angle of the valve plate 
ω = rotational speed of the cylinder block 
Abbreviations 
BDC = bottom dead center 
EHA = electro-hydrostatic actuator 
HDCV = heavily damped check valve 
HP = high pressure 
LP = low pressure 
PBW = power by wire 
PCFV = pre-compression filter volume 
PEV = pre-expansion volume 
TDC = top dead center 
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